Herein, we report the phase inversion of ionomer-stabilized emulsions to form high internal phase emulsions (HIPEs) induced by salt concentration and pH changes. The ionomers are sulfonated polystyrenes (SPSs) with diff erent sulfonation degrees. The emulsion types were determined by conductivity measurements, confocal microscopy and optical microscopy, and the formation of HIPE organogels was verified by the tubeinversion method and rheological measurements. SPSs with high sulfonation degrees (water-soluble) and low sulfonation degrees (water-insoluble) can stabilize oil-in-water emulsions; these emulsions were transformed into water-in-oil HIPEs by varying salt concentrations and/or changing the pH. SPS, with a sulfonation degree of 11.6%, is the most effi cient, and as low as 0.2 (w/v)% of the organic phase is enough to stabilize the HIPEs. Phase inversion of the oil-in-water emulsions occurred to form water-in-oil HIPEs by increasing the salt concentration in the aqueous phase. Two phase inversion points from oil-in-water emulsions to water-inoil HIPEs were observed at pH 1 and 13. Moreover, synergetic eff ects between the salt concentration and pH changes occurred upon the inversion of the emulsion type. The organic phase can be a variety of organic solvents, including toluene, xylene, chloroform, dichloroethane, dichloromethane and anisole, as well as monomers such as styrene, butyl acrylate, methyl methacrylate and ethylene glycol dimethacrylate.
Introduction
High intern al phase em ulsions (HIPEs) are em ulsion s with a total volum e fraction of th e in ternal/dispersed phase over 74%, and they can act as end products in a variety of areas, such as the cosm etic, food, petroleum and pharm aceutical in dustries. 1 HIPEs usually exhibit high viscosity due to the low volum e fraction of th e con tinuous phase, and thus th ey are also called gel em ulsions. 2 If a polym erizable continuous phase is used,
HIPEs can be applied as tem plates to prepare m acro-porous m aterials, 3 wh ich are kn own as poly(HIPEs). Poly(HIPEs) have been reported for num erous applications, including tissue scaff olds, 4 catalysis, 5 hydrogen storage 6 and oil-water separation. 7 Surfactants are commonly used to stabilize HIPEs, but as much as 5-50 (w/v)% of the continuous phase is required to prepare stable HIPEs. 8 Moreover, careful selection of the surfactant is also needed to avoid phase inversion at a high dispersed phase ratio. 9 In addition to surfactants, solid particles with sizes from a few nanometres to micrometres are also used to stabilize emulsions; these are known as Pickering emulsions. However, it is not easy to prepare HIPEs with solid particles, as phase inversion tends to occur as the internal phase increases, although some particles have been successfully used to stabilize HIPEs. 10 Over the past few years, various organic gels and particles have been successfully used to stabilize HIPEs. [11] [12] [13] [14] [15] [16] Ngai et al.
first developed a n ew strategy to prepare HIPEs by th e phase inversion of m icrogel particle stabilized oil-in-water emulsions. 12 However, a large number of microgel particles (5 wt% of oil phase) are required to obtain HIPEs. Very recently, HIPEs have been obtained by the phase inversion of core cross-linked star (CCS) polymer stabilized water-in-oil emulsions where the stabilizer concentration is as low as 0.5 wt%. 15, 16 Until now, the preparation of HIPEs by phase inversion is still rare, and the phase inversion of oil-in-water emulsions to form water-in-oil HIPEs with low stabilizer concentrations is highly desirable, since most monomers used for poly(HIPEs) are oleophilic. 3, 17 We recently studied the preparation of HIPEs from polymer organogels based on block ionomer sulfonated polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SSEBS). 14, 18, 19 In this paper, we report that water-in-oil HIPEs have been obtained by the phase in version of oil-in-water em ulsions with an ionom er as the stabilizer, where only 0.2 (w/v)% of the continuous phase is required to stabilize the HIPEs. The ionom er is sulfonated polystyrene (SPS), an d th e inversion is driven by salt concentration and/or pH changes. The continuous phase in the HIPE organ ogels can n ot only be organ ic solvents, Polymers Research Group, Institute for Frontier Materials, Deakin University, Locked Bag 20000, Geelong, Victoria 3220, Australia. E-mail: qguo@deakin.edu.au; Fax: +61 3 5227 1103; Tel: +61 3 5227 2802 such as toluene, xylene, chloroform, dichloroethane, dichloromethane, and anisole, but can also be commonly used monomers and cross-linkers, including styren e, butyl acrylate, m ethyl m eth acrylate and eth ylene glycol dim ethacrylate. Th erefore, these ionom er-stabilized HIPEs facilitate the preparation of poly(HIPEs).
Experimental
Materials Polystyrene (PS) with an average m olecular weigh t M w of 192 000 and a m elt in dex of 6.0-9.0 g 10 m in 1 was used for the preparation of the SPSs. Eth ylene glycol dim eth acrylate and 2,2 0 -azobis(2-m ethylpropionitrile) (AIBN) solution (0.2 M in toluene) were used as received. Monom ers, including butyl acrylate, styrene and m ethyl m ethacrylate, were purified by being passed through a neutral aluminium oxide column before use. All the chem icals m entioned above were purchased from SigmaAldrich. The oth er reagents and solvents were analytical grade and were used directly. Deionized water was used throughout the experim ents.
Preparation of SPSs
The SPSs were prepared by the sulfonation of polystyren e according to the m eth od reported in our previous paper, with a few modifications. 19 In brief, 20 g of polystyren e was dis- 
Rheological m easurem ents
Rheological experim ents were carried out on a TA DHR 3 rheom eter a with cone-plate geom etry at 25 1C.
A con e with a diameter of 40 mm and a tilt angle of 21was used, an d th e gap width was set to 500 mm . A solvent trap was used to m in im ize th e eff ect of evaporation. The HIPE organogels newly prepared at diff erent salt concentrations and pH values were used. Dynamic strain sweeps were carried out at 1 and 10 rad s 1 from 0.3 to 300%. Dynamic frequency sweeps with an angular frequency from 0.3 to 300 rad s 1 were performed at a strain of 1%.
Conductivity m easurem ents
The conductivity measurements were carried out on a SevenEasy conductivity meter (Mettler-Toledo GmbH, Switzerland) at room temperature. Each sample was measured 5 times and the conductivity was the average value of the 5 results. The conductivities of water at diff erent pH values and salt concentrations were also studied for comparison.
Confocal laser scanning m icroscopy (CLSM)
Confocal im aging was perform ed on a laser scanning confocal microscope (Leica SP5, Leica Microsystems CMS GmbH, Germany). Em ulsions an d HIPEs prepared from aqueous solutions with diff erent pH values and salt concentrations were transferred onto a glass slide and observed immediately. A laser with wavelength of 405 nm was used to excite pyrene in the organic phase.
Optical m icroscopy
The morphology of the ionomer-stabilized oil-in-water emulsions was examined using a Nikon Eclipse-80i optical microscope under polarized light. The emulsions were dropped on glass slides and observed directly.
Zeta potential
Th e zeta potentials of SPS3 at diff eren t NaCl concen trations were characterized using a Zetasizer Nano ZS analyzer. The concen tration of the SPS3 aqueous solution was 0.2 m g m L 1
with NaCl concen trations ran gin g from 0 to 1 M.
Preparation of poly(HIPEs)
HIPE organ ogels with m on om ers as the con tinuous phase were polym erised at 70 1C for 10 hours to obtain poly(HIPEs).
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0 -Azobis(2-m eth ylpropionitrile) solution (0.2 M in toluene) from Aldrich was used as the initiator.
Results and discussion
The ion om er SPSs were prepared via th e sulfonation of polystyrene, and the obtained SPSs were studied with FTIR spectroscopy. From the results in Fig. 1(a) , it can be seen that some new absorption peaks appeared at 580, 1008, 1132 and 1180 cm 1 ; these peaks can be ascribed to the angle deformation vibration of SQ OQ S, the ring vibration of the p-substituted benzene ring, the vibration of hydrated sulfonate acid and the antisymmetric stretching of SQ OQ S, respectively. 20 Moreover, it can be observed from Fig. 1 (b) that a broad band (circled) centred at 3470 cm 1 clarifies as the sulfonation degree increases, and the absorption band is ascribed to the free and hydrogen bonded hydroxyl groups between the sulfonic acid groups, which verifies the sulfonation of polystyrene. 21 Polystyrene is h ydrophobic, and after sulfon ation, the -SO 3 H groups are hydrophilic. Thus, SPSs are am phiphilic, and their solubility is dependent on their degrees of sulfonation. The three SPSs listed in Table 1 are den oted as SPS1, SPS2 and SPS3. 5.9% and 11.6% of the styrene groups of SPS1 and SPS2 were grafted with -SO 3 H groups, respectively. These SPSs are soluble in THF and toluene but n ot in water. SPS3, which h as a sulfonation degree of 30.5%, can be totally dissolved in water.
SPSs are amphiphilic and can serve as surfactants. In our experim ents, both the water soluble and insoluble SPSs were successfully used to stabilize oil-in-water emulsions, and the phase inversion of these SPS-stabilized emulsions to form waterin-oil HIPEs was observed by tunin g the salt concentration and pH value of the aqueous phase. However, these SPSs showed diff erent effi ciencies for stabilizing emulsions.
Th e effi ciency of th e SPSs was studied by stabilizin g HIPEs form ed from toluene and aqueous solution (20/80) with a pH of 7 and an NaCl concentration of 0.5 M in the aqueous phase. SPS2, with a sulfonation degree of 11.6%, sh owed the highest effi cien cy; as little as 0.2 (w/v)% of the organ ic ph ase was enough for th e form ation of HIPEs without liquid-like flow behaviour. This concentration is m uch lower than that of the PS-co-PMAA m icrogel particles. 12 When the sulfonation degree was decreased to 5.9% (SPS1), the effi cien cy decreased and the ionom er con centration increased to 1.0 (w/v)% of th e organic phase. Water-soluble SPS3 required the highest concen tration to stabilize HIPEs, at 3.8 (w/v)% of th e aqueous ph ase. In this work, SPS3 was used for the study of structural ch an ges with pH changes and salt concen tration, and water-insoluble SPS2, which h ad th e h ighest effi ciency, was used for the investigation of the phase in version between the em ulsion types. Em ulsions were obtained by shearing a m ixture of SPS2 solution in toluene (0.2%, w/v) and water at a fixed ratio of 20/80 (toluene/water). The appearan ces an d conductivities of th e ionom er-stabilized em ulsions are shown in Fig. 2(a) . It is noted that em ulsions exhibiting low viscosity are form ed at zero or low NaCl concentration and that conductivity m easurem ents confirm ed the form ation of oil-in-water em ulsions. Th ese em ulsions tend to separate in to two distinctive layers, with a white top layer and a translucent bottom layer, after a few m inutes. Th e separation is totally reversible, an d the separated layers turn into em ulsion s again with a very gentle shake. It is believed that the separation results from the density diff erence between water and toluene, which was verified by th e fact that n o separation was observed even after a few h ours when toluene was replaced by a m ixture of toluene an d dichloroethane (170/100, v/v, density about 1 g cm 3 ) as the oil phase. The formation of oil-in-water emulsions was observed under a polarized optical m icroscope, as shown in Fig. 2(b) , and the sizes of the disperse phases varied from several to tens of m icrometres, which fits in the size range of the emulsions. Control experim ents show that no em ulsions were form ed without SPS2, and thus it is believed that SPS2 acts as a stabilizer/ emulsifier.
Surprisin gly, after th e addition of NaCl to th ese pre-form ed em ulsions and m ech anical shear, the viscosities of th ese em ulsions increased obviously and th eir conductivities dropped to about 0 mS cm 1 , wh ich in dicates that phase in version occurred with th ese em ulsion s. To investigate the inversion thorough ly, aqueous NaCl solutions with diff erent NaCl con centrations were used instead of adding NaCl to the pre-form ed oil-inwater em ulsion s. From Fig. 2(a) , it can be observed that with a sligh t increase of the NaCl concen tration to over 0.15 M, highly viscous water-in-oil HIPEs were form ed and the conductivity dropped dram atically. When the NaCl concentration was further increased to 0.25 M and over, although the conductivities of these HIPEs rem ained at aroun d 0.5 mS cm 1 , these water-in-oil
HIPEs exhibited no liquid-like flow beh aviour, indicating the form ation of HIPE organogels. The confocal im age in Fig. 2 (c) con firm ed the form ation of HIPEs, an d the n ewly form ed HIPEs with water droplets range in size from several to a little over 100 mm, dispersed in the continuous organic phase (pyrene labelled). It is noted that Ngai et al. reported the salt induced phase inversion of water-in-oil emulsions to form HIPE hydrogels by microgel particles; however, their stabilizer concentration was quite h igh, at 5% of the continuous phase.
12
To study th e eff ect of NaCl on the ionomer solutions, the zeta poten tials of water soluble ion om er SPS3 solution s with diff erent NaCl concen trations were m easured, and th e dependency of the zeta potentials of the SPS3 solutions on NaCl concentration at pH = 7 is shown in Fig. 3. Fig. 3 shows that th e zeta potential increased with salt concentration, indicating that the addition of salt suppresses the double layers and facilitates the adhesion of ion om ers on the water-toluen e interface. 22 SPSs m ay form nanoparticles in water and solvents, 23 Th e form ation of th ree-dim en sional networks at high salt concentration s was confirmed by rheological m easurem ents. Typical results for the dynam ic strain m easurem ents of HIPE organogels with 0.5 M NaCl are presen ted in Fig. 4(a) , and th e extent of the linear viscoelastic regim e is as h igh as 50%. The results for the dynamic frequency m easurem ents are sh own in Fig. 4(b) . All th e elastic m oduli (G 0 ) are higher than th e corresponding viscous m oduli (G
00
) with salt concen trations in the aqueous phase of 0.3, 0.5 and 0.7 M, indicating the form ation of th ree-dim en sional networks. These m oduli do n ot change greatly with increasing salt concen tration in the aqueous ph ase, sh owing that the salt con centration does not have an obvious eff ect on the strengths of these HIPE organogels, although salt is critical for th eir form ation .
Inversion of the em ulsion type by tuning pH values has been reported, 25 and pH induced inversion to prepare HIPEs has also been demonstrated with microgel particles or CCS as stabilizers.
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SPSs contain ionisable -SO 3 H groups; thus, they can be affected by pH values. The appearances and con ductivities of ion om erstabilized em ulsions at pH values from 1 to 14 are shown in Fig. 5(a) . Surprisin gly, two inversion points from pH 1 to 14 can be seen, in comparison with one inversion point in microgel particles and CCS stabilized em ulsion s. 12, 16 Oil-in -water type em ulsions were form ed with high con ductivities in the pH range from 1.5 to 13, while th ese em ulsion s turned in to water-in-oil type HIPEs at pH values below 1.5 or over 13, which is con firm ed by th e high viscosities an d low conductivities of th e em ulsion s. The form ation of water-in-oil HIPEs at low and high pH has been confirm ed by confocal m icroscopy, as shown in Fig. 5(b) and (d), respectively. Meanwh ile, the form ation of oil-in-water em ulsion s at m oderate pH values was verified by polarized optical m icroscopy, as shown in Fig. 5(c) .
SPSs can stabilize HIPEs at h igh concen trations of HCl or NaOH. Although their concentrations are quite high, this eff ect can not be well-explained by th e salt eff ect as no HIPEs form at an NaCl con centration of 0.1 M. Th e form ation of HIPEs m ay be caused by pH induced structural changes of SPSs, as it is known that in an acidic environm en t the -SO 3 H groups m ay form hydrogen bonds between each other; 26 in basic solution, all th e -SO 3 H groups will deprotonate to form -SO 3 ions, which will in teract through dipole-dipole interactions. Th e water-in-oil HIPEs at pH 1, 13 and 13.5 can be stron g enough to form gels, an d th e form ation of th ese gels was verified by dynam ic frequency m easurem ents. As shown in Fig. 6 , HIPE organ ogel at pH 13.5 exhibits the highest strength, wh ile HIPE organogel at pH 13 is the weakest. These results are in agreem en t with th ese from direct observation by the tubein version m ethod. Th e G 0 and G 00 of HIPE organ ogel at pH 13
sh ow a slight rise with frequency, suggesting that there is a crossover in a certain experim entally inaccessible range. Th erefore, the HIPE organogel may flow for a long time. Th e HIPE organ ogels form ed (with toluen e as the continuous phase) at high salt concentration or high/low pH are quite stable. Th ey were stored in closed vials at 0 1C for two m onths with out any change in appearan ce, showin g that these HIPE organogels rem ain in the therm odynam ic equilibrium state once prepared.
A syn ergetic interaction between NaCl and pH in th e phase in version of em ulsion types was found in th e ionom erstabilized em ulsion. For exam ple, when the NaCl concentration was in creased to 0.05 M, th e inversion poin ts ch an ged from pH 13 to 12 and from pH 1 to 1.7, respectively, indicating the presen ce of a syn ergetic eff ect between the salt concen tration and the pH. To further dem onstrate the synergetic eff ect, an approxim ate diagram h as been drawn in Fig. 7 based on the tube-inversion m ethod. From the results, it can be seen that the pH values at which phase inversion occurs in crease or decrease with in creasing NaCl concentration from 0 to 0.15 M.
Experim ental results showed that the organic phase can consist of hydrophobic organ ic solvents, including toluene, xylene, chloroform, dichloroethane, dichloromethane, and anisole, and commonly used monomers for poly(HIPEs), such as styrene, butyl acrylate, methyl methacrylate and ethylene glycol dimethacrylate. Moreover, all emulsions from these solvents or monomers can be inverted into water-in-oil HIPEs by tuning the pH and salt concentration of the aqueous phase.
To dem onstrate th e ability to prepare poly(HIPEs) from the ionom er-stabilized HIPEs, m on om ers with cross-linkers and initiators were used as the oil ph ase to prepare HIPEs. A typical recipe of polym erisable HIPE is presented in Table 2 , and a photograph of th e corresponding poly(HIPEs) sam ple obtained is shown in Fig. 8(a) . As the HIPE organogels form , m ouldable organogels with diff erent shapes can be obtained. Moreover, SPSs stabilized HIPEs for the preparation of poly(HIPEs) are obviously cost eff ective in com parison with those stabilized by surfactan ts and gels. Fig. 8(b) shows that alm ost all th e cells are closed, im plying that these poly(HIPEs) have poten tial as therm al insulation and soundproof m aterials.
In terconn ected cells have previously been observed in poly(HIPEs). 27 In the present study, closed-cell structures h ave been observed in th e poly(HIPEs) system . The form ation of closed-cell structures m ay be explained by the form ation of SPS particles via hydrogen bon ding interaction s between th e -SO 3 H groups of SPS, 26 and the HIPEs are stabilized by th ese SPS particles. The particles are usually strongly absorbed on th e walls between the continuous phase and the dispersed aqueous phase, 28 leadin g to th e form ation of porous m aterials with closed-cell structures. It is n oted from the SEM im age in Fig. 8 (c) that deform ed particles are attached on the walls of the poly(HIPEs), in dicatin g that th e SPS2 form ed particles do stabilize HIPEs.
Conclusions
In sum m ary, the phase inversion of SPS-stabilized oil-in-water em ulsions to water-in-oil HIPEs has been achieved by tuning the salt concen tration an d/or pH. SPSs act as an effi cient stabilizer for em ulsion s and HIPEs with a concen tration as low as 0.2 (w/v)% of th e oil ph ase. Two in version poin ts were first observed over the entire pH range, and a synergetic eff ect between pH and salt concen tration h as been found on th e in version of the em ulsion type. Phase inversion occurs with a variety of hydroph obic solven ts and com m only used m on om ers as organ ic ph ases, wh ich facilitates a new route to th e preparation of poly(HIPEs). View Art icle Online
